INTRODUCTION
============

Adhesive, persistent, and metabolically efficient, bacterial biofilms often present significant challenges in healthcare, naval, and industrial settings because of their ease of formation and difficulty in removal ([@R1]--[@R5]). Yet, biofilms have also been harnessed for applications, such as water filtration and bioreactors ([@R6], [@R7]) and biological fuel cells ([@R8]). The biofilm extracellular matrix (ECM) protects the bacteria, largely dictates overall mechanical properties, and can vary in composition and structure across different species and strains ([@R9], [@R10]). So far, continuum-scale properties of biofilm adhesion have been investigated ([@R11], [@R12]), but the molecular-scale mechanisms are yet to be determined and are necessary to accurately represent these properties. Within *Escherichia coli* biofilms---which are particularly well studied---curli fibers are one of the major peptide-based components that make up the ECM ([@R13]).

Curli grow into fibers on the surface of *E. coli* bacterial cells, and seven "curli-specific genes" (*csg*) are involved in their expression ([@R14], [@R15]). Curli are mostly made up of CsgA, a β helix of five repeat units. CsgA self-assembles on the cell surface ([@R16]) and inherently fibrillates ([@R17]), and curli assembly can be modulated by chemical inhibitors, in addition to protein chaperones ([@R18]). Although curli nanofibers are amyloids, they are functional and serve distinct biological purposes, contrasting from well-known dysfunctional amyloids that aggregate into plaques in diseases, such as Alzheimer's ([@R19]). For example, β-amyloid has been widely studied computationally ([@R20], [@R21]) and experimentally ([@R22]--[@R24]) in regard to amyloid adsorption and fibrillation. Similarly, other amyloids, such as lysozyme and β-lactoglobulin, have been well described at interfaces ([@R25]--[@R27]) and used in composites to create hybrid materials with remarkable properties ([@R28]--[@R31]), while characterization of curli is still emerging. Still, curli have the characteristic cross-β hydrogen--bonded structure of amyloids commonly associated with proteinaceous fibers having outstanding stiffness and strength. Experiments mapping biofilm mechanics have shown that curli provide stiffness and mechanical homogeneity within their biofilms ([@R32]) and serve to reinforce the biofilm structure ([@R33]--[@R35]), making up most of the insoluble biofilm matrix ([@R36], [@R37]). Curli also play a key role in invading host domains by activating contact proteins and binding with fibronectin for the internalization of bacteria, which is enhanced by increased curli production and further heightened for pathogenic strains ([@R38]--[@R42]).

Additionally, evidence from genomic and mechanical characterizations of biofilms suggests that curli are critical in enabling bacterial adhesion to many abiotic surfaces through formation of adhesion fimbriae ([@R43], [@R44]). Studies with varying curli production indicate that the fibers are critical for strong adhesion ([@R34], [@R45]), and increased curli expression has been shown to result in pellicles with increased surface elasticity and strength ([@R43]). Curli overproduction has been shown to substantially increase adhesion, and attachment strength has been noted to vary by surface type: the strongest interactions were seen for hydrophobic plastics, relative to hydrophilic metals or glass ([@R45], [@R46]). Still, the fundamental mechanisms that allow curliated biofilms to achieve this outstanding adhesion are yet unknown.

Whereas the structures of many curli-specific genes are becoming realized via computation ([@R47]--[@R49]), the main curli component, CsgA, contains a repetitive structure that creates a challenge in structural characterization. Experimental techniques, such as solid-state nuclear magnetic resonance (ssNMR) spectroscopy and computational models based on multiple sequence alignment, have begun to capture features of the CsgA structure ([@R47], [@R50], [@R51]). The structural features---such as repetitive β strands---found in these studies corroborate each other, as well as structural predictions for the *Salmonella* analog AgfA ([@R47], [@R52]).

In addition, curli fibers have already been successfully combined with various conjugations to produce materials with enhanced properties. Adhesive strength was enhanced through conjugation with the mussel foot protein, and curli fibers were also interfaced with inorganic nanoparticles and quantum dots ([@R53]--[@R55]). Despite recent advances in developing novel materials with curli, the cause behind their adhesive strength remains a mystery. Here, we aim to first uncover the molecular mechanisms behind adhesion of the CsgA subunit. So far, qualities that contribute to overall adhesion, and whether these contributions are dictated by residue chemistry, shape, size, or other features, are yet to be clarified. The adsorption of small proteins to abiotic surfaces using all-atomistic and coarse-grain models in explicit solvent or other media has been computationally quantified through Steered Molecular Dynamics (SMD) and energetic analysis, including the "two-box" and "four-box" methods, as well as by visualization and conformational analysis ([@R20], [@R21], [@R56]--[@R61]). Here, we use an explicit, all-atom approach in assessing interaction energy per unit area between the CsgA and each surface and the role of residue features and motion during the adsorption process. Our approach focuses primarily on enthalpic interactions governing adsorption, which call for an atomistic methodology that can ascertain residue-specific features that promote adhesion and should be conserved while scaling up the larger model of a curli fiber.

To address this, we present fully atomistic molecular dynamics simulations that examine CsgA surface interactions with model hydrophobic and polar surfaces. We first investigate the role of residue-specific features in adhesion, such as the impact of side-group chemistry and geometry on adsorption onto different surfaces. As the CsgA subunit undergoes structural changes during the adsorption process, we also study structural events that impact stability. These are analyzed in regard to how they propagate throughout the structure in correlated groups of residues. Residue clusters are then assessed in terms of relative impact on the structural dynamics and stability. We conclude by summarizing our findings on the impact of the primary sequence of CsgA on its structural stability and adhesive properties.

RESULTS
=======

CsgA adhesion to abiotic substrates
-----------------------------------

CsgA subunit adhesion is first studied to determine (i) surface adhesion energy, (ii) features that facilitate adhesion, and (iii) differences in adhesion mechanisms between polar and nonpolar surface types. Surface adhesion energy is obtained by calculating the total interaction energy between the protein and the surface and normalizing this value by the surface contact area between them. Simulation setup is shown in [Fig. 1](#F1){ref-type="fig"}, and adhesion energies obtained in this fashion are reported in [Table 1](#T1){ref-type="table"}. CsgA adhesion energy is found to range between −206 and −237 mJ/m^2^ on graphene and between −159 and −196 mJ/m^2^ on silica, underlining that CsgA can bind strongly to both polar and nonpolar surfaces. The adhesion mechanisms are different and depend on substrate chemistry. The SDs in [Table 1](#T1){ref-type="table"} quantify how the energy varies in the bound state for each simulation, from which we see that energy variations in the adhered configuration are higher for silica compared to graphene. This is because residues attaching to graphene do so through van der Waals interactions, allowing the molecule to adhere with smaller energy variations. Alternatively, the energy landscape is rougher for silica due to electrostatic peptide-surface interactions. In this case, initial contact anchors the molecule onto the surface; this leads to energy fluctuations as the molecule pivots to maximize its favorable polar surface interactions through sampling local configurations. Simulations reveal that CsgA residues (sequence diagram of CsgA is provided in fig. S1) preferentially participated in adhesion on the basis of their chemical and geometric compatibility with the surface. Computing the mean surface interaction energy contribution for each residue contacting the surface allowed us to classify the strength of interactions in terms of the chemical nature of the protein side groups (polar, hydrophobic, aromatic, etc.), as shown in [Fig. 2](#F2){ref-type="fig"}.

![Schematic of system setups.\
The CsgA protein subunit (**A**) is shown with both termini labeled above each substrate (**B**) and in four different starting configurations (**C**). Idealized graphitic and silica surfaces were used, resulting in a total of eight systems that we characterized to obtain interfacial properties. Setups with various orientations were produced by rotating the subunit about the last β strand near the C terminus by 0°, 90°, 180°, and 270°, so that either a β sheet face or a terminus is exposed to the surface. The subunit was placed so that the bottommost atom was 7 Å above the surface.](1600998-F1){#F1}

###### Adhesion energy.

Adhesion energy between the protein subunit and both surfaces, organized by initial orientation of the protein on the surface. Adhesion energy is calculated as the interaction energy with the surface as a function of surface contact area (described in Materials and Methods).

  **Orientation**   **Adhesion energy (mJ/m^2^)**   
  ----------------- ------------------------------- -----------------
  0°                −236.97 ± 16.69                 −159.01 ± 27.79
  90°               −230.06 ± 12.51                 −180.19 ± 30.39
  180°              −205.82 ± 19.53                 −195.52 ± 21.85
  270°              −215.66 ± 11.64                 −190.68 ± 42.58

![Surface interaction energy grouped by residue moiety.\
Energies comprise electrostatic and van der Waals interactions and are taken from the last 20 ns of each trajectory. Energetic values are only included when a given residue has at least one atom within a 5.5 Å cutoff distance of the surface. These values are also averaged across orientations and compared between surface types. Energies are normalized by the number of each residue in the CsgA structure and are grouped by feature. Interaction energies with graphene are shown in solid bars, and silica interaction energies are represented with diagonal stripes. Residues Ile and Met are excluded from this plot, because they are situated within the helix core and do not contact the surface. Polar residues and positively charged residues show the strongest preferences for silica relative to graphene. Negatively charged residues incur repulsive energies with silica, and charged residues, in general, produce weaker interaction energies with graphene. Aromatic six-carbon residues, such as tyrosine (Tyr) and phenylalanine (Phe) exhibit strong preferences to graphene relative to silica because of compatible geometry. Polar aromatic residues, specifically Hsd and Tyr, significantly contribute to adhesion energy for both types of surfaces and have the largest overall surface interaction energies for both cases.](1600998-F2){#F2}

The data presented in [Fig. 2](#F2){ref-type="fig"} reveal that the strongest interactions on graphene are distinguished by residues with prominent aromatic side groups. The difference in surface interaction energy between the two surfaces is most heightened for six-carbon rings in Tyr and Phe, which share a common hexagonal motif with graphene ([Fig. 3](#F3){ref-type="fig"}). These aromatic residues promote hydrophobic interactions that are also presumably significant in the formation of amyloid fibers ([@R62]). Local protein flexibility---often driven by the loss of secondary structure---facilitates side-chain reorientation to achieve minimum energy configurations on the surface. Reorientation for optimal alignment can be seen in [Fig. 3A](#F3){ref-type="fig"} for the case of tyrosine on a graphitic surface. While flush against the graphene surface, moving from an AA to AB alignment lowers the instantaneous interaction energy of Tyr by 3.72 kcal/mol, agreeing with earlier studies on optimal stacking of aromatic rings ([@R63]). Other studies examining binding energies of amino acids on graphene sheets identify Tyr as among the strongest, as well as Trp ([@R57]--[@R59]). Tyr is unable to achieve this flush configuration with silica, as the distal hydroxyl group can even incur unfavorable repulsive electronegative forces with polar groups on the silica surface (fig. S2). These findings highlight the role of specific residues in achieving strong adhesion to a substrate. We note that, in the case of multifaceted large molecules, such as CsgA, calculating average interaction energy for each residue is sensitive to the position of the residue in the protein structure and the adsorption configuration. Specifically, having larger numbers of residues situated far from the substrate will reduce the reported interaction energy when the data are averaged over all residues. Contributions within CsgA are influenced by access to the surface, which can vary on the basis of neighboring amino acids, flexibility, and overall protein orientation.

![Side-chain interactions with each surface.\
Interaction mechanisms work through compatible geometry (**A**) and compatible chemistry (**B**). For tyrosine (Tyr) residues flush on the graphene surface (A), reorienting from AA to AB (parallel to parallel-displaced) alignment increases the magnitude of the interaction energy between graphene and this Tyr by 3.72 kcal/mol. Aromatic residues often optimize surface contacts with graphene in this manner. Asparagine (Asn) interacts with the silica surface in (B), with regions of interest colored by charge. Asn begins unfavorably oriented with its partial charge positioned near a like partial charge (left), inducing a repulsive interaction between the surface and residue. Minor rotation of the residue allows opposite partial charges to sit in proximity (right), allowing interaction energy to drop favorably.](1600998-F3){#F3}

Whereas interactions between CsgA and graphene come solely from van der Waals interactions, the exposed charges on silica contribute to both repulsive and attractive interactions with the protein. These interactions can enhance attractive strength for compatible residues, namely, positively charged side chains in Arg and Lys and polar side chains in Hsd, Tyr, Thr, and Gln, which have relatively high proportions of attractive energy from electrostatics (fig. S3A). The residues Arg and Lys have also been shown to anchor on silica nanoparticle surfaces through solution NMR data of smaller peptides ([@R64]). Whereas electrostatic contributions make up, on average, 81% of the total interaction energy between Lys and silica, interactions with hydrophobic residues come mostly from van der Waals contributions. In the case of Leu, 97.7% of the total interaction energy with silica comes from van der Waals contributions (fig. S3A). Polar aromatic residues, such as Hsd and Tyr, show potential in using both chemistry and geometry to adhere strongly to both surface types and are the only residues with mean interaction energy measured below −4 kcal/mol for both surfaces. Although polar and positively charged CsgA residues may have stronger electrostatic interactions with silica, exposed partial charges on the substrate surface also induce unfavorable repulsive interactions with the negatively charged residues and polar side chains situated poorly on the surface. Maximum repulsive energies between the CsgA residues and silica can be found in fig. S3B and show that polar and negatively charged residues encounter the strongest repulsion with the polar surface, followed by certain hydrophobic residues. Reorientation to optimize surface interactions yields even larger energetic changes than geometrically aligning similar side chains on the graphene surface. We see that simply rotating an Asn side chain decreases the instantaneous interaction energy between that residue and the surface by 14.68 kcal/mol ([Fig. 3B](#F3){ref-type="fig"}). These findings indicate that residue mobility promotes adhesion by exposing side chains with compatible chemistry or geometry to minimize interaction energy with the surface.

Our findings illustrate that molecular mobility enables stronger adhesion, specifically through the translation of the subunit across the surface and the local motion of the side chains. Protein and residue motion during adsorption to each surface was quantified through root mean square fluctuation (RMSF) calculations. We also computed a translational RMSF that only considers the XY movement of the nontransformed protein (fig. S4). On graphene, translational RMSF is nearly twice that of silica (8.23 Å^2^ on graphene and 4.74 Å^2^ on silica), whereas close agreement is seen in traditional RMSF values, demonstrating increased movement of CsgA on graphene. Although favorable electrostatic interactions with silica can enhance interaction energy, lack of translation makes adhesive strength dependent on initial contact configuration, whereas CsgA movement on the graphene surface allows the sampling of a larger configurational space to reach a minimum energy. This finding suggests that relatively smooth surfaces with lower-energy landscape roughness may better initiate adhesion of biomolecules onto abiotic surfaces, although nanometer-scale surface roughness has been shown to influence protein adsorption by increasing the number of possible nucleation sites ([@R65]).

Next, we analyze how the local motion of side chains promotes adhesion by facilitating transitions to minimum energy configurations on the surface. CsgA preferentially interfaces flexible turn and termini regions with the surface, rather than the relatively rigid β sheet faces. While approaching the surface, the subunit reorients so that more flexible regions interact with the surface for all initial configurations studied. Snapshots of initial and final conformations of the CsgA can be found in fig. S5. In each trajectory, the adsorbed peptide contained less β sheet structure than its original structure, and this loss of secondary structure was often a result of surface contact. During adsorption, residues near the flexible turns of the helix interacting with the surface tend to lose their secondary structure first, leading to shortened β strands. The β sheet structure was lost to similar degrees for adsorption onto graphene and silica (−13.7 and −11.7% change, respectively). We note that secondary structure loss does not necessarily indicate destabilization. Loss of secondary structure generally induces an increase in B-factor, and therefore flexibility, which allows reorientation of side chains to reach a minimum energy configuration on the surface. B-factor then decreases in response to increases in residue-surface contacts, as the residue motion is damped through "caging" on the surface. Surface caging effects are defined here by a decrease in B-factor in response to surface contact and are present across the entire CsgA structure. Decrease in B-factor per residue in response to surface contact is shown in fig. S6, and the residues within the flexible N terminus can be seen experiencing stronger caging effects than the residues within β sheet faces. Ultimately, the resulting adsorbed configuration balances the enthalpy of surface interactions with the energetic penalty of unfolding. Although unfolding commonly leads to greater residue mobility, we find that destabilization induced by surface contact is compensated by surface caging effects as residue motion is damped by proximity to the surface. These results indicate that the design of surface peptide interactions should achieve a fine balance between flexibility and stability to maximize adhesive capabilities to a surface. If adhesion of self-assembled curli fibrils is considered, preserving the overall β sheet structure upon adhesion is likely necessary to achieve robust adhesive performance.

Correlated motion within CsgA
-----------------------------

B-factor is also observed to decrease during CsgA adsorption in residues that do not contact the surface. Therefore, we hypothesize that drops in B-factor are limited not only to the caging of a particular residue but also propagate across the structure through correlated groups of residues. To investigate the propagation of motion throughout the protein, we conduct a correlation analysis (described in Materials and Methods) examining the relationship between the B-factors of pairs of residues. We use this method to observe relationships between the B-factors of intrastrand contacts (peptide bond in the same β strand), interstrand contacts (adjacent β strands), or through-helix contacts (opposite β strands) in the CsgA structure. A description of these B-factor correlation categories and their relative contributions can be found in [Fig. 4](#F4){ref-type="fig"}. We find that changes in B-factor during adhesion events are not only just confined to the changes in secondary structure or surface contacts in a particular residue but are also correlated throughout the protein. The ranking of these relative contributions is as follows: peptide bond \> adjacent β strand \> opposite β strand \> turn. From this analysis, it is clear that more than 80% of the correlated motions occur through peptide bonds or hydrogen bonds between the strands in the β sheets, which constitute a significant portion of the protein structure ([Fig. 4C](#F4){ref-type="fig"}). However, because protein adsorption frequently involved the turns of the CsgA structure, nearby covalently bonded residues are perturbed and lose secondary structure first, inducing a change in B-factor. Outside turn regions, interactions with the surface perturb residues across the β strands. This destabilizes the β structure among neighboring β strands. A notable finding is that strong pair correlations are found in the unstructured N-terminal region, apparently because of high mobility. This region also experiences the largest decrease in B-factor during adsorption. Strong B-factor correlations seemingly occur in high-flexibility regions, where motion is more easily transferred across peptide bonds.

![Patterns in B-factor correlation.\
Protein contact pairs are plotted (**A**) as a protein contact map demonstrating contacts between peptide bonds, adjacent β strands within a β sheet, and residues in β strands across the protein core, around a hairpin turn, or within the unstructured N terminus (NNS24). This is meant to guide the eye through the B-factor correlation plot (**B**), which demonstrates the relative strength of correlation between various B-factor pairs. The relative contribution of each B-factor pair type is also shown (**C**). Most of the residues that are close enough to interact with each other and demonstrate similar patterns in B-factor behavior are covalently bonded residues. The next greatest contributory interaction is hydrogen bonding between adjacent strands of the β sheet, which suggests that perturbations propagate across the β strands. The unstructured N-terminal region outside the β sheet is an important motif where the B-factor correlates more strongly between residues. Changes in the unstructured N-terminal region also correlate with the changes across the β sheet faces.](1600998-F4){#F4}

In addition to assessing B-factor correlation among pairs of residues, we further investigate motion propagation through groups of residues. Specifically, we examine the loss of secondary structure in response to surface contact, because surface proximity seemingly influences flexibility, and these changes in B-factor are shown to be correlated across pairs of residues. To do this, we correlated time series data of surface interactions (defined by interaction energy) and β sheet membership for each residue. A detailed description can be found in Materials and Methods. This analysis aimed to reveal which amino acids are most strongly perturbed by surface contact and which residues are highly responsive to the motion of other residues. Through these comparisons, similar clusters of residues were identified that showed changes both in B-factor and in β sheet membership for each trial. Groups of residues that responded similarly were located along rows connected by interstrand relationships across neighboring β strands. Groups that showed correlated behavior did so on both surface types. These "clusters" are defined in fig. S7. To simplify data presentation, these correlations were summed by residue group and can be found in [Fig. 5](#F5){ref-type="fig"}.

![Correlation heatmap relating surface contacts of particular residues (*y* axis) and the change in secondary structure of certain clusters of residues (*x* axis).\
Clusters are defined in fig. S7. This plot reveals both "high-impact" areas of residues that consistently produce changes in many residue clusters, as well as "perturbed clusters," which lose secondary structure in many cases of surface contacts. The top 10% of the highest correlations were grouped into their corresponding clusters, and the frequency of each cluster appearing above the 90th percentile is illustrated above. Threshold values separating different groups are marked by dash-dot lines. These are classified as highly perturbed (cluster 7), perturbed (clusters 9 and 10), and susceptible (clusters 1, 12, and 16) groups. Similarly, the top 10% highest correlations were grouped by their corresponding residue contacting the surface, and the frequency of correlation values above the 90th percentile is illustrated (right). Threshold values marked by dash-dot lines distinguish high-impact residues (G53 and D127) and "moderate-impact" residues (31 residues).](1600998-F5){#F5}

From the correlation analysis, it is clear that motion transmission throughout the peptide is nonuniform and depends on factors, such as amino acid moiety, size, and location within the structure. Residue groups of interest can be seen on the CsgA structure in [Fig. 6](#F6){ref-type="fig"}. The role of residue location is apparent, because clusters 2 to 5 are located in the center of the rigid β sheet face and show low response to surface contacts in general. Clusters near the edge of the β sheet show increased responsiveness, particularly to the more mobile terminal regions. Strong terminal responsiveness is apparent in clusters 13, 14, and 16 to 18. These groups are located either on the less rigid face of the CsgA structure that readily loses secondary structure (13 and 14) or within the already flexible turn region (16 to 18). It is unknown why cluster 15 shows lower responsiveness than neighboring groups. Clusters 7 to 12, excluding 8, show a heightened sensitivity to perturbations, most strongly in clusters 7 and 12. These residue groups are either near a turn region (7, 9, and 10) or on the same, less rigid face as terminal-responsive groups 14 and 15 (clusters 10 to 12). Particularly susceptible to perturbations, clusters 7 and 9 were shown to lose β sheet structure in all instances of adsorption, involving both surfaces. Aligned within the helix core on opposite β sheet faces, clusters 7 and 9 transfer motion through the Gln residues of cluster 7. Both clusters were also destabilized even when only residues on the opposite side of the protein face contact the surface. Additionally, cluster 1 is shown to respond to residues 149 to 151 in the C terminus. We note that cluster 1, a row of polar Ser residues, sits opposite the bulky row of polar Gln residues in cluster 14. A perturbation in the more flexible terminal end results in the adjustment of opposite or adjacent residues in both clusters to favorably reorient partial charges. These rotations then cascade throughout the protein, because each subsequent residue must reorient after its neighbor.

![Residue cluster classification.\
Selected residues and residue clusters of interest highlighted on the subunit structure (**A**), with clusters classified and defined by residue type (**B**). Clusters are classified by thresholds of the percentage of correlation values above the 90th percentile, as shown by the dash-dot lines in [Fig. 5](#F5){ref-type="fig"}. Whereas clusters 9 to 11 are classified as "perturbed," clusters 7 and 12 are noted to be highly affected by perturbations. Clusters of residues in and near a turn region (13, 14, and 16 to 18) are responsive to movement at either the C or N terminus, apparent by a difference in average correlation factor at either terminus compared to the helix body. Alternatively, clusters of residues near the center of the rigid β sheet face (3 and 4) are nonresponsive to residue-surface contacts and slightly more responsive near the edges of the face (2 and 5). Although cluster 5 has no values above the 90th percentile, it is classified in the group with "low responsiveness" because of a column total greater than clusters 3 and 4.](1600998-F6){#F6}

This correlation analysis serves to examine the CsgA structure and the correlations in motion between pairs and groups of residues. Our findings show that motion is readily transmitted through peptide bonds, as well as (but to a lesser degree) to neighboring β strands or across the helix core. Additionally, changes in secondary structure within the protein are transmitted across residue groups through hydrogen bond contacts across the structure in response to surface contact. The level of responsiveness of these groups seemingly depends primarily on amino acid location, as well as moiety and size. In this protein, bulky, polar amino acids located near turn regions within the helix core seem to most strongly transmit motion. These results provide important insights into how structural changes---such as B-factor and loss of secondary structure---propagate throughout the CsgA. Knowledge of location and moiety of residue groups exhibiting highly correlated motion could then be used to manipulate CsgA stability through mutations of certain position or type. This outlines a map for potential uses involving deliberate stabilization or destabilization of the structure.

DISCUSSION
==========

Although it is believed that curli fibers have exceptional mechanical and adhesive characteristics, the molecular mechanisms enabling these properties remain unexplained. Our investigation regarding the adhesion of the curli subunit CsgA onto ideal hydrophobic and charged surfaces provides new insights into the adhesion mechanisms of curli nanofibers.

We have calculated the curli subunit adhesive strength to be in the range of −159 to −237 mJ/m^2^ over all trials conducted ([Table 1](#T1){ref-type="table"}). These values are an order of magnitude higher than the measured adhesion energy for curliated biofilms \[shown to be near 12.5 to 15 mJ/m^2^ for purified CsgA systems ([@R53])\]. This is expected because our system only looks at single subunit interactions rather than a full fiber or fiber network, which should have lower effective surface contact per unit surface area due to the gaps between fibers.

Comparing substrate types, the mechanisms that the CsgA subunit uses to adhere are divergent and specific to the surface they encounter. Through the study of these adhesion mechanisms, we have revealed the importance of both location-based and residue-specific features to achieve high surface energies. Generally, the CsgA subunit prefers to expose flexible regions that are able to reorient and achieve favorable configurations on a surface and do so through partial unfolding and rearrangement, corroborating similar studies ([@R60], [@R61], [@R66]--[@R68]). Additionally, side-chain chemistry and geometry dictate interactions preferentially by surface type ([Fig. 2](#F2){ref-type="fig"}). The polar silica surface interacts strongly with compatibly charged positive residues, whereas six-carbon aromatic residues flatten favorably onto the graphene surface ([Fig. 3](#F3){ref-type="fig"}). Polar aromatic residues appear promising in ensuring strong adhesion to both surface types. This analysis identifies key sequence features that facilitate adhesion specific to surfaces, which can guide choices in developing surface-specific adhesives by introducing point mutations in a theory-informed fashion. These results also underline that the versatility of curli fibers enables indiscriminate adhesion to surfaces, which we attribute here to the chemical diversity in the peptide sequence of CsgA subunits.

Our analyses on the structural dynamics during adsorption reveal that surface interactions cause secondary structure loss and lead to caging effects (fig. S6) that must be balanced to maintain stability. Collective motion through structurally related groups in the CsgA leads to propagation of these effects to residues that are not in contact with the surface. Using time series correlation analysis, we determine groups of interrelated residues and identify particularly impactful or susceptible groups ([Figs. 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). These findings signify the presence of potentially high-impact residues that may need to be preserved to create stable mutated CsgA variants through genetic engineering.

We note that the chemical diversity of residue side chains exposed on each face of the CsgA introduces energetic variations between trials. Additionally, specific interactions and propagation of motion near the termini of the isolated monomer are expected to differ from this region in monomers stacked in a fiber. Our future studies will build upon this work to investigate fiber dynamics and adhesive behavior. Although this study focuses on a particular CsgA model, methods to discern adhesion mechanisms and correlated motion can be applied to other amyloid structures to design novel biotic-abiotic interfaces.

The results presented provide key insights on the role of protein features in adhesion. These findings can be applied through strategic manipulation of protein behavior using the features outlined. Point mutations of particular residues may be incorporated to enhance or reduce nonspecific or substrate-specific adhesion. CsgA modifications may be judiciously used at particular locations to tune flexibility (moderate- to high-impact regions) or minimize motion propagation (low-impact regions). Overall, our findings are important for discovering bioinspired adhesives that harness the ability of curli fibers to attach to surfaces, designing surfaces that minimize fouling, and creating abiotic interfaces that couple strongly with structural proteins commonly produced by bacteria.

MATERIALS AND METHODS
=====================

Materials
---------

CsgA subunit models computed using multiple sequence alignment contacts as structural restraints were obtained for use in this study ([@R47]). These models comprise a β helix of five repeat units and corroborate structures measured using ssNMR, electron microscopy, x-ray diffraction data, and other computational studies ([@R50], [@R52], [@R69]). Fixed graphene and (001) α quartz silicon dioxide surfaces were used to model hydrophobic and polar surfaces and were created using the VMD (Visual Molecular Dynamics) Inorganic Builder ([@R70]). Although the degree of surface ionization on silica can influence surface properties and adsorption mechanisms ([@R71]--[@R74]), we selected a single silica model to represent a charged surface. The silica surface has exposed oxygen atoms (negative charge) and silicon atoms (positive charge), but no added hydroxyl groups, representing an idealized surface.

All simulations were all-atomistic and conducted using the NAMD (Nanoscale Molecular Dynamics) simulation package ([@R75]). All systems were solvated in explicit water solvent using the CHARMM version of the TIP3P model ([@R76]). The surface and the protein were both modeled using established parameterizations based on the CHARMM force field, and graphene was modeled as sp^2^ carbons ([@R77], [@R78]). Long-range electrostatics were calculated using the particle mesh Ewald technique ([@R77]). Simulations were conducted at 300 K, using a 1-fs time step at a constant pressure of 1 atm in the isothermal--isobaric (NPT) ensemble. Periodic boundary conditions were used in all directions in each simulation, with a minimum of 15 Å padding on each side to prevent the protein from interacting with its image. The total box height is 70 Å, which is large enough to prevent the CsgA from interacting with the surface's image.

Simulation setup of CsgA on a surface
-------------------------------------

Simulations were conducted with the left-handed CsgA subunit beginning in four different orientations above each surface to give access to all sides of the protein. Schematics illustrating the system setup can be found in [Fig. 1](#F1){ref-type="fig"}. The subunit was placed uniformly in each trial so that the bottommost atom was 7 Å above the surface. This distance was chosen to provide a reasonable time scale for adsorption without hindering the rotation of the protein, which allows surface interactions with different sides of the protein. These systems underwent energy minimization for 50,000 steps and were allowed to interact with the surface over the course of a 60-ns trajectory. Here, protein behavior was investigated in regard to the role of structural and residue-specific features in adhesion, as well as correlated motion throughout the CsgA. In total, over 480 ns of simulations have been run to model this system.

Energetic analysis of CsgA on a surface
---------------------------------------

Energies between the CsgA subunit and the surface were computed using the NAMDEnergy tool. These comprise nonbonded interactions, including electrostatic and van der Waals contributions. Contact energy was calculated by the total protein-surface interaction energy in regard to the contact area between them. Contact area was computed by calculating the total projected area of atoms within a 5.5 Å cutoff distance of the surface based on the size of their van der Waals radius. Surface adhesion energy was calculated throughout the course of the adsorption, and the converged average value over 20 ns is used. For energetic analysis by amino acid, energies are averaged across all trial orientations per surface and normalized by occurrences within the protein, representing the average contribution of each residue.

Time series analysis
--------------------

Time series analysis was conducted for B-factor, surface interactions, and secondary structure measurements across all trajectories. B-factor was calculated to examine the loss of B-factor during adsorption, as well as correlations in B-factor between groups of residues. This was conducted using the bfactor TCL script developed by A. Oakley. For B-factor loss upon adsorption, B-factor was calculated for each atom, and for each residue, the average B-factor of all atoms within the residue was calculated. This is done so that the change in B-factor during adsorption represents each atom interacting with the surface. To study the correlations in the changes in B-factor between residues, the B-factor was calculated for the β carbon of each residue and the hydrogen atoms in glycine. β carbons are chosen here as they are more representative of the flexibility of the side chain, whereas side group atoms may be highly influenced by adsorption, and α carbon B-factor is more indicative of backbone movement, which can be captured by secondary structure.

The time series data for secondary structure were constructed by calculating the percent time a residue was within a β strand for 250-ps windows across the entire trajectory. The time series data for secondary structure and B-factor for each residue were assessed in combination with the time series data for surface interactions. Here, β sheet structure was calculated using the STRIDE (structural identification) algorithm ([@R79]). The number of surface interactions was calculated as the number of interactions between each protein atom and each surface atom within 5.5 Å, and the time series data were constructed as the total number of interactions within 250-ps windows over the entire trajectory.

B-factor correlation analysis
-----------------------------

Correlation analysis was conducted by comparing the B-factor of each residue to all others in all possible pair combinations through linear regression of B-factors in subsequent time windows. Feasible interaction pairs were determined using a protein contact map to define pairs by a peptide bond, by a hydrogen bond between neighboring β sheets, or by residues opposite each other across the β helix. For each category of feasible interaction pairs, the correlation coefficients of B-factor were summed.

Collective motion analysis
--------------------------

The time series data for β sheet membership, surface contacts, and B-factor were then used to further study collective motion among residues. Residues were grouped across clusters on the basis of hydrogen bonds across the β sheet faces based on the ssNMR structure ([@R50]) to identify groups of residues that are more susceptible to losing the β sheet structure. Residues within the clusters exclude the N-terminal region that is outside the helix. The correlation between the surface-contact and β sheet time series data is summed within each cluster, and the sums are normalized by the number of residues in the stack. For each residue, the surface interaction time series data were cross-correlated with the corresponding B-factor time series data. These data are represented in [Fig. 5](#F5){ref-type="fig"}, where the value of each pixel is the sum of the correlations between a particular residue contacting the surface and the loss in β sheet structure in all the residues making up that cluster, normalized by maximum correlation.
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fig. S1. Sequence diagram of curli subunit CsgA.

fig. S2. Tyrosine interactions with silica.

fig. S3. Energetic contributions summed by type on silica and maximum energetic repulsions with the silica surface.

fig. S4. RMSF by surface type for internal RMSF and translational RMSF.

fig. S5. Initial and final conformations of CsgA.

fig. S6. B-Factor decrease during adsorption.

fig. S7. Definition of clusters by residue ID.

fig. S8. Equilibration results of left- and right-handed CsgA.
